Antiretroviral therapy during pregnancy is recommended to reduce the risk of mother-to-child transmission of HIV and for maternal care management. Physiological changes during pregnancy can affect pharmacokinetics, potentially altering pharmacological activity. We therefore evaluated the pharmacokinetics of twice-daily (bid) darunavir in HIV-1-infected pregnant women.
Introduction
Data on the pharmacology of darunavir/ritonavir during pregnancy are limited to case reports [1] [2] [3] [4] [5] [6] [7] [8] , few of which examined pharmacokinetics [1] [2] [3] [5] [6] [7] 9] . The effects of pregnancy on the pharmacokinetics of darunavir remain unclear; therefore, further pharmacokinetic studies are needed.
Maternal physiological changes during pregnancy (e.g. blood volume expansion, increased glomerular filtration rate and alterations in hepatic metabolism) may result in altered pharmacokinetics [10] . Data support the conclusion that the pharmacokinetic parameters of HIV protease inhibitors (PIs) are changed during pregnancy, leading to lower exposure in pregnant women [3, 5, 6, 11, 12] . Studying darunavir/ritonavir in HIV-infected pregnant women may provide insights into population-specific pharmacokinetics that could inform treatment strategies and dosing recommendations.
This nonrandomized study was designed to investigate the pharmacokinetic profile, antiviral activity and safety of darunavir/ritonavir [600/100 mg twice daily (bid) or 800/100 mg once daily (qd)], etravirine (200 mg bid) and rilpivirine (25 mg qd) in HIV-infected pregnant women. Here we report only on the group that received darunavir/ ritonavir 600/100 mg bid.
Methods

Study design and treatment
HIV-1-infected pregnant women, aged 18 years or older, with pregnancies between 18 and 26 weeks of gestation were included in this multicentre, single-arm, open-label trial. Subjects had to be on the study drug before screening and enrolment, and had to undergo an obstetric examination and have a normal level II ultrasound. The study was approved by a centralized ethics committee [Western institutional review board (IRB)] or a site-specific IRB.
Subjects with any obstetric complications, any neurological conditions requiring medication or any active disease that may have compromised patient safety or study outcomes were excluded from the study. All subjects agreed to comply with protocol requirements and provided written informed consent.
Objectives
The primary objective was to assess the effect of pregnancy on the pharmacokinetics of darunavir/ritonavir administered bid during the second and third trimesters of gestation and postpartum. The secondary objectives were to document antiviral activity, safety and tolerability of darunavir/ritonavir-based regimens during pregnancy and postpartum, to compare darunavir/ritonavir concentrations between maternal serum and cord blood at delivery and to assess the outcomes for infants of women treated with darunavir/ritonavir bid during pregnancy.
Evaluations
Intensive pharmacokinetic samplings over 12 h were performed at three study visits: during the second trimester (24-28 weeks), during the third trimester (34-38 weeks) and 6-12 weeks postpartum. Eight blood draws were performed during each visit: predose and 1, 2, 3, 4, 6, 9 and 12 h postdose. Darunavir (total and unbound) and ritonavir (total) plasma concentrations were measured. Cord blood and maternal plasma concentrations of total darunavir and ritonavir were also measured on the day of delivery. Total darunavir and ritonavir plasma concentrations were determined using a previously validated high-performance liquid chromatography tandem mass spectrometry assay with a lower limit of quantification of 5.00 ng/mL for both compounds [13] . The unbound darunavir concentration was determined by fortifying plasma samples with 14 C-darunavir. The unbound 14 C-darunavir was separated using ultrafiltration. Total and unbound 14 C-darunavir concentrations were measured using liquid scintillation counting. The unbound fraction of darunavir was calculated as the ratio of the unbound concentration in the filtrate to the total concentration in the plasma before centrifugation.
Human serum albumin and a1-acid glycoprotein (AAG) were measured because darunavir is highly protein bound and the concentration of these proteins usually decreases during pregnancy as a result of haemodilution [14] . Efficacy and safety assessments were completed at each visit. Adherence was self-reported and based on the 4 days preceding the visit. Infants' HIV-1 statuses were determined by polymerase chain reaction testing, reported within 16 weeks postpartum.
Statistical analysis
Total and unbound pharmacokinetic parameters were derived from the plasma concentration-actual time data using noncompartmental analysis (WINNONLIN Professional™ 4.1; Pharsight, Mountain View, CA). The minimum and maximum plasma concentrations (Cmin and Cmax, respectively) along with time to reach Cmax (tmax) were obtained by inspection of the plasma concentrationtime profiles. The area under the plasma concentrationtime curve from 0 to 12 h (AUC12h) was determined using the linear trapezoidal rule. The primary pharmacokinetic parameters used in the statistical analysis were AUC12h, Cmin and Cmax on the logarithmic scale. The least squares means Darunavir PK in pregnant women with HIV 51 (LSMs) of the primary parameters for each treatment were estimated with a linear mixed-effects model, controlling for period as a fixed effect and subject as a random effect. A 90% confidence interval (CI) was constructed around the difference between the LSMs of test and reference. Both the difference between the LSMs and the 90% CI were retransformed to the original scale. Period effects were considered significant at the 5% level. Safety and antiviral activity were summarized using descriptive statistics (SAS/STAT ® version 9.2; SAS Institute Inc., Cary, NC).
Results
Population and baseline characteristics
Sixteen women were enrolled in this part of the trial and received darunavir/ritonavir 600/100 mg bid (Supplementary Table S1 ). The median age was 24 years (range 18-35 years), and 63% were Black or African American. Most (80%) subjects had a CD4 count Ն 350 cells/mL, 33% had a viral load < 50 HIV-1 RNA copies/mL, 53% had a viral load between 50 and 400 copies/mL and 14% had a viral load Ն 400 copies/mL. Sixty-three per cent were previously treated with one protease inhibitor (PI)-based regimen.
Disposition
Of 16 subjects, 14 had at least one intensive pharmacokinetic visit and were included in the pharmacokinetic analysis, and 12 completed the treatment phase of the study. A total of five subjects discontinued (four during treatment before delivery; one during follow-up) (Table S1 ). Two subjects discontinued because of adverse events (AEs): one for increased transaminases related to study drugs and one for unrelated premature delivery (premature delivery led to an inability to fulfill protocol requirements as the patient missed the postpartum visit). Two subjects discontinued because of virological failure related to suboptimal adherence as documented by the principal investigator [one patient reported 87.5% adherence (AUC 12h 69 970 ng/h/mL; Cmin 4140 ng/mL) in the 4 days prior to the second trimester visit and 75% adherence in the 4 days prior to the third trimester visit (no pharmacokinetic data were available), and the other patient reported 62.5% adherence in the 4 days prior to the second trimester visit; third trimester adherence rate and pharmacokinetic data were not available]. One subject was ineligible to continue the trial because of a failed drug screening.
Pharmacokinetics of total and unbound darunavir
Mean total and unbound darunavir plasma concentrations were higher during the postpartum period compared with the second and third trimesters of pregnancy (Fig. 1a,b) .
Pharmacokinetic parameters for total and unbound darunavir are provided in Table 1 . Data for unbound darunavir were not available for all patients as not all plasma samples were available for plasma protein binding analysis. The maximum plasma concentration of total darunavir during the second and third trimesters was 28 and 19% lower, respectively, vs. postpartum based on the LSM ratios. The median t max for total darunavir was 3 h in all periods examined. Total darunavir Cmin was on average 43 and 86% higher during the second and third trimesters, respectively, vs. postpartum. Individual Cmin values for total darunavir are provided in Figure S1a . Total darunavir AUC12h during pregnancy was 24 and 17% lower in the second and third trimesters, respectively, vs. postpartum. Unbound darunavir Cmax was 22 and 18% lower during the second and third trimesters, respectively, vs. postpartum. The median tmax of unbound darunavir was approximately 3 h during pregnancy and 2 h postpartum. Unbound darunavir Cmin was 10 and 14% higher during the second and third trimesters, respectively, vs. postpartum. Individual Cmin values for unbound darunavir are provided in Figure S1b . Unbound darunavir AUC12h was 8 and 7% lower during the second and third trimesters, respectively, vs. postpartum. The free fraction of darunavir (ratio of unbound plasma concentration vs. total plasma concentration) was slightly higher during pregnancy vs. postpartum (data not shown).
Matched maternal and cord plasma concentrations were available for 10 subjects. Excluding one outlier resulting from a possible switch of the samples, the mean [standard deviation (SD)] total darunavir concentrations were higher in maternal plasma vs. cord plasma [2324 (1056) ng/mL vs. 383 (322) ng/mL, respectively] when assessed in nine women and their infants. The median cord : maternal plasma ratio was 0.1455 (range 0.01407-0.3621).
Pharmacokinetics of ritonavir
Mean total ritonavir plasma concentrations were higher during the postpartum period compared with the second and third trimesters of pregnancy (Fig. 1c) . Median total ritonavir plasma concentrations peaked 4 h after drug administration during pregnancy and at 6 h in the postpartum period (Table 1) . Total ritonavir Cmax during the second and third trimesters of pregnancy was 34 and 37% lower, respectively, vs. postpartum based on the LSM ratios. Total ritonavir Cmin was on average 8 and 22% higher during the second and third trimesters, respectively, vs. postpartum. Individual Cmin values for total ritonavir are provided in Figure S1c . Total ritonavir AUC12h during pregnancy was 28 and 33% lower in the second and third trimesters, respectively, vs. postpartum. Matched maternal and cord plasma concentrations were available for eight subjects. Excluding one outlier resulting from a possible switch of the samples, the mean (SD) total ritonavir concentrations were higher in maternal plasma vs. cord plasma [429 [428] ng/mL vs. 17 [24] ng/mL, respectively) when assessed in seven women and their infants. The median cord : maternal plasma ratio was 0.1076 (range 0.04432-0.114).
Albumin and a1-acid glycoprotein concentrations
Mean baseline albumin and AAG concentrations were 31 and 617 g/L and postpartum concentrations were 38 and 790 g/L, respectively, resulting in a 22 to 28% decrease during pregnancy vs. postpartum (Fig. S2) .
Antiviral activity
The response rate (< 50 copies/mL) increased significantly from 33% (five of 15) at baseline (Table S1 ) to 73% (eight of 11) and 90% (nine of 10) during the second and third trimesters, respectively, and was 80% (eight of 10) at 12 weeks postpartum (Fig. S3a) . Three patients had detectable viral loads during pregnancy; two patients had detectable viral load during the second but not the third trimester [72 copies/mL in one patient (100% reported adherence in both LSM, least squares mean; CI, confidence interval; C0h, predose plasma concentration; ND, not determined; Cmin, minimum plasma concentration; Cmax, maximum plasma concentration; C12h, plasma concentration at 12 hours; tmax, time to reach the maximum plasma concentration; AUC12h, area under the plasma concentration-time curve over 12 h; CL/F, apparent clearance. *Median (range) for tmax. † n = 10 for AUC12h. ‡ Data for unbound darunavir were not available for all patients because of poor sample quality (protein in the filtrate) or low sample volume. § n = 10 for C0h and Cmin. ¶ n = 10 for C0h, n = 9 for Cmin, and n = 7 for Cmax and tmax. # n = 11 for C0h, and n = 8 for Cmin, Cmax and tmax. **n = 9 for Cmin, and n = 7 for Cmax. † † n = 10 for Cmin. ‡ ‡ n = 8 for Cmin and Cmax. § § n = 12 for C0h, Cmin, Cmax and tmax. ¶ ¶ n = 10 for Cmin. ## n = 12 for Cmin and Cmax. ***n = 10 for Cmin.
trimesters) and 123 copies/mL in the other (87.5% reported adherence in the second trimester, and 100% reported adherence in the third)]. The third patient had detectable viral load during both trimesters (813 copies/mL in the second trimester and 59 copies/mL in the third trimester), with 100% reported adherence for both trimesters. Of these three patients with detectable viral load during pregnancy, two had undetectable viral load in the postpartum and follow-up periods. CD4 count is significantly lower in HIV-1-negative women during pregnancy compared with the 12-week postdelivery period [15] ; therefore, the percentage of CD4 cells was plotted instead of absolute CD4 count. The percentage of CD4 cells increased from 30% at baseline to 35% at 2-5 weeks postpartum (Fig. S3b) . All 12 infants born to women who stayed on treatment until delivery were HIV negative. One of these infants was born to a patient who discontinued the study but remained on study treatment during follow-up.
Safety
The most common AEs, occurring with an incidence of Ն 25%, were infections and infestations (44%), gastrointestinal disorders (25%) and premature labour (25%). Of 12 infants, four were born prematurely (at weeks 30, 36, 36 and 37) and no congenital abnormalities occurred. One serious AE possibly related to study medication was reported (increased transaminase).
Discussion
Lower exposures of total darunavir/ritonavir 600/100 mg bid were observed during pregnancy compared with postpartum. Total darunavir Cmax was 28 and 19% lower, and AUC12h was 24 and 17% lower during the second and third trimesters, respectively, vs. postpartum. These data are consistent with published reports demonstrating a decrease in total drug exposure (AUC) of darunavir/ritonavir 600/ 100 mg bid during pregnancy ranging from 29 [1] to 36% [9] . Lower levels of drug exposure during pregnancy vs. postpartum have been observed with other HIV PIs [11, 12, [16] [17] [18] [19] . However, unlike previous reports, the current study also assessed free plasma darunavir levels, which were higher during pregnancy vs. postpartum. As a result, the difference in unbound C max and AUC12h at postpartum compared with values found during pregnancy was minimal. The small number of patients with pharmacokinetic data for unbound darunavir, six in the second trimester and seven in the third trimester, limited the ability to draw definitive conclusions; however, we hypothesize that the lower total drug exposure of darunavir during pregnancy might be partially compensated for by higher free drug, resulting from lower protein binding to darunavir. The antiviral activity of darunavir/ritonavir in HIV-infected pregnant women was effective in preventing mother-to-child transmission and in suppressing HIV in pregnant women, consistent with findings in pregnant [1, 3, 5, 9] and nonpregnant HIV-infected individuals [20] . Despite lower total PI levels in studies in pregnant women, subjects achieved desired immunovirological responses and protection from transmission of HIV to their infants [3, 5, 6, 9, 11, 12] . Taken together, the findings that unbound concentrations of darunavir remained nearly unchanged during pregnancy relative to postpartum and that clinical responses were maintained suggest that no a priori dose adjustment is needed in darunavir/ritonavir when dosed bid in pregnant women. Total ritonavir C max was 34 and 37% lower, and AUC12h was 28 and 33% lower during the second and third trimesters, respectively, vs. postpartum, similar to findings in previously published reports [11] . The levels of darunavir/ ritonavir transferred from maternal to cord plasma were low, with median cord : maternal ratios of 0.1455 and 0.1076, respectively, consistent with other reports demonstrating low transplacental passage of PIs [3, 7, 9] .
It is interesting to note that Cmin values were on average higher during the second and third trimesters, respectively, vs. postpartum for both darunavir (43 and 86% higher, respectively) and ritonavir (8 and 22% higher, respectively). This is a novel observation and further investigation is warranted. Plasma concentration values at 12 hours have also been presented in Table 1 in order to provide additional context to these data.
In this study, darunavir/ritonavir bid treatment was generally well tolerated in HIV-infected pregnant women, with few discontinuations because of AEs (12%). The observed AE profile partially overlaps with that found previously in nonpregnant adults [20] , and it is unclear how many AEs may actually have been associated with pregnancy independent of darunavir/ritonavir bid treatment.
A limitation of this study may be the use of the 6-to 12-week postpartum levels as the reference. Darunavir/ ritonavir pharmacokinetic parameters after administration of darunavir/ritonavir 600/100 mg bid -as part of an antiretroviral regimen during pregnancy and postpartum -were not clinically different compared with historical controls. Darunavir/ritonavir 600/100 mg bid administered with other antiretrovirals during pregnancy resulted in consistent unbound (active) drug exposure during pregnancy and postpartum, was effective in preventing mother-to-child transmission and in suppressing HIV and was generally well tolerated, with few discontinuations because of AEs. Data from this small pharmacokinetic study, while not definitive, suggest that darunavir/ritonavir 600/100 mg bid may be a treatment option for pregnant women in need of highly active antiretroviral therapy.
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Fig. S1
Individual minimum plasma concentrations of total darunavir (A), unbound darunavir (B) and total ritonavir (C) after administration of darunavir/ritonavir 600/100 mg twice daily (bid), during the second and third trimesters and postpartum. Table S1 Baseline demographics, disease characteristics and study discontinuations.
